Introduction
To reduce CO 2 emission in steel industry, research and development oriented toward low reduction agent ratio (RAR) operation of a blast furnace is significantly required. Currently, Japanese steel industries are developing an innovative technology for low RAR operation through the Japan's national project COURSE50. 1) In the course of the development, the gas permeability in the cohesive zone of a blast furnace is one of the crucial issues to solve. To improve the gas permeability, it is necessary to control the softening behaviors of sinters in the cohesive zone.
The lack of high-grade iron-ore resources is another problem; impurities such as phosphorus, crystalline water and alumina in the iron ore are being increased, and such deterioration in the iron ore quality causes problems for the blast furnace operation. [2] [3] [4] [5] In fact, it has been reported that the increment in the Al 2 O 3 content of iron ore rapidly increases the gas permiability resistance around 1 240°C
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6) It has also been reported that the increment in the Al 2 O 3 content lowers the reducibility of iron ore sinter in the lower part of the blast furnace. 7) Moreover, Al 2 O 3 yields the decrement of the softening-melting temperature of the cohesive zone. 8) These harmful effects of Al 2 O 3 may stem from the possibility that Al 2 O 3 raises the slag melt volume and decreases the temperature of the slag melt formation in the upper part of the cohesive zone.
With respect to the primary slag melting, the authors have concluded from the microstructure observation as well as the phase diagram that the olivine-like slag melts are locally formed as the primary melts around 1 100-1 120°C, 9) and have also found that when the olivine-like slag melts are adjacent to 2CaO•SiO 2 (hereinafter denoted as C2S), the olivine-like slag melts could be dissolved into C2S as a solid solution, resulting in the decrement in the slag melt volume. 9) On the other hand, with respect to the behavior of Al 2 O 3 , the authors have suggested that Al 2 O 3 , which is mostly included in columnar calcium ferrite in sinters, goes into the C2S slags surrounding the columnar calciowüstite at temperatures lower than 1 000°C, and C2S is partly changed to 2CaO•Al 2 O 3 •SiO 2 (hereinafter denoted as C2AS) at tem-peratures higher than 1 200°C. 9) If the olivine-like slag melts are adjacent to C2AS, the olivine-like slag may remain as a melt without being dissolved into C2AS owing to the fact that there is negligible solid solubility of olivine in C2AS. This could be one of the reasons that the increment in the Al 2 O 3 content of iron ore raises the slag melt volume. To demonstrate this assumption, the reaction between liquid olivine and solid C2S has been compared with that between liquid olivine and solid C2AS at the constant temperature of 1 240°C, at which the effect of Al 2 O 3 on the gas permeability is markedly observed. 6) Although the primary melt may be the olivine-like slag melt formed around 1 100-1 120°C, 9) the formation of the cohesive zone could also be related with the melt formation reactions between FeO and gangue minerals around 1 270°C. 6) In fact, Higuchi et al. 8) have reported that higher softening-melting temperature accompanies higher reducibility of FeO to Fe, suggesting that residual FeO is involved in the formation of the cohesive zone. Then, the second objective of this study is to compare the eutectic reaction rates of FeO-C2S and FeO-C2AS at a constant heating rate so as to elucidate the effect of Al 2 O 3 on the melt formation due to the reactions between FeO and gangue minerals.
Experimental

Sample Preparation
Wüstite was synthesized from reagent grade Fe and Fe 2 O 3 powders. Powder mixtures of Fe and Fe 2 O 3 (Fe:Fe 2 O 3 = 0.79:1 in molar ratio) were uniaxially pressed to form a tablet. The tablet was sintered in a flow of CO-CO 2 mixture (CO/CO 2 = 2) for 8 hours at 1 100°C and then quenched into water. It was confirmed by X-ray diffractometry (XRD) that the sample has the single phase of wüstite. CaO•FeO•SiO 2 (olivine) was synthesized from reagent grade CaCO 3 and SiO 2 powders as well as wüstite made in this study. Equimolar mixtures of CaCO 3 , SiO 2 and FeO powders were uniaxially pressed to form a tablet. The tablet was put on a basket made of stainless steel (SUS304) wire, which was suspended by a nichrome wire in the maximum temperature zone of an electric furnace. After suspending the sample in the reaction tube, the sample was heated up to 1 300°C at a constant heating rate of 5°C/min in a flow of CO-CO 2 mixture, where the CO/CO 2 ratio is set to have an equilibrium oxygen partial pressure within the FeO stable region. The sample melted, and dripped from the basket into an iron crucible settled beneath the furnace. It was confirmed by XRD that the sample has the single phase of olivine. 10) C2S and C2AS were synthesized from reagent grade CaCO 3 , SiO 2 and Al 2 O 3 powders. Powder mixtures of CaCO 3 and SiO 2 (CaCO 3 :SiO 2 = 2:1 in molar ratio) and CaCO 3 , SiO 2 and Al 2 O 3 (CaCO 3 :SiO 2 :Al 2 O 3 = 2:1:1 in molar ratio) were uniaxially pressed to form tablets. The tablets were placed into a Pt crucible and sintered in air for 72 hours at 1 300°C. Then, the tablets were crushed into powders, pressed to form tablets and sintered again in the same manner. Powder mixing, compacting and sintering were repeated three times. It was confirmed by XRD that the obtained samples have the single phases of C2S and C2AS. Powdery olivine sample with the particle size of 75-90 μm was achieved by passing it through a sieve. Pulverized C2S and C2AS samples were also passed through a sieve to obtain powdery samples having particle sizes smaller than 38 μm and between 75-90 μm.
Reactions between Liquid Olivine and Solid C2S
and between Liquid Olivine and Solid C2AS at 1 240°C Olivine and C2S powders and olivine and C2AS powders were respectively weighed and mixed as shown in Table 1 . The mass fractions are set in such a way that the mass ratio of the liquid phase to the solid phase would be 3:7 when the reactions attain thermodynamic equilibriums at 1 240°C. 11, 12) The particle sizes of all the powders are 75-90 μm. About 880 mg of mixed powders were uniaxially pressed by the compaction pressure of 450 MPa for 3 min. to form tablets with 10 mm in diameter and ca. 2 mm in thickness. A tablet was put on a basket made of Kanthal resistance heating wire, which was suspended by the same wire in the upper part of an electric furnace. Then the furnace was switched on and the gas mixture of CO and CO 2 (CO/CO 2 = 2) were started to be flowed in a reaction tube. After the temperature reached 1 240°C, the tablet in the basket was lowered to the maximum temperature zone of the furnace and heated for the predetermined duration. The heating durations were 10 min., 30 min. and 1 hour. The phases of the samples were determined by XRD. The microstructures of the cross sectional areas were observed by electron probe microanalyzer (EPMA). The compositions of liquid and solid phases were quantitatively analyzed by the point analysis, where an analytical area was φ1 μm. 
Eutectic Reactions between FeO and C2S and between FeO and C2AS under a Constant Heating
Rate of 10°C/min FeO and C2S powders and FeO and C2AS powders were weighed and mixed as shown in Table 2 . The mass fractions are set to be eutectic compositions of FeO-C2S and FeO-C2AS pseudo binary systems. 12, 13) The particle sizes of all the powders are either (i) smaller than 38 μm or (ii) between 75-90 μm. About 30 ± 5 mg of mixed powders were placed in an Al 2 O 3 crucible with 4.6 mm in diameter and 4.5 mm in height and subjected to differential thermal analysis (DTA). DTA measurements were carried out at a constant heating rate of 10°C/min up to 1 350°C in a flow of CO-CO 2 mixture (CO/CO 2 = 2). The measurements were repeated three times to confirm the reproducibility. The measurement temperature was calibrated using Ag, Au and Ni melting points as references. Figures 1 and 2 show the XRD profiles of olivine and C2S mixtures and olivine and C2AS mixtures heated for 10 min and 1 h, respectively. The diffraction peaks due to C2S and C2AS are only observed for olivine and C2S mixtures and olivine and C2AS mixtures, respectively, as shown in Figs. 1 and 2 . The reason that no peaks due to olivine are observed could be that liquid olivine has become amorphous solid during quenching. Figures 3 and 4 show the back-scattered electron (BSE) images of olivine and C2S mixtures and olivine and C2AS mixtures heated for 10 min, 30 min and 1 h, respectively. The darker areas with round shape correspond to solid C2S and C2AS in Figs. 3 and 4 , respectively. The brighter areas are due to liquid olivine. It can be seen from Fig. 3 that the particle sizes of C2S are smaller than 75-90 μm. This may be due to so-called dusting phenomenon of C2S powders caused by its phase transformation. 14) Figure 5 shows the chemical compositions of olivine (liquid phase) and C2S (solid phase) for olivine and C2S mixtures heated for 10 min, 30 min and 1 h, which are plotted on the CaO-SiO 2 -FeO ternary phase diagram.
Results and Discussion
Comparison of Reaction Behavior of Olivine-C2S with that of Olivine-C2AS
11) It has been found that the compositions reach the equilibrium ones only in 10 min after the onset of heating, and liquid olivine is solved in solid C2S until its maximum solid solubility. This means that the fraction of the liquid phase decreases from 38.3% to 30% only in 10 min after the onset of heating. Figure 6 shows the chemical compositions of olivine (liquid phase) and C2AS (solid phase) for mixed olivine and C2AS powders heated for 10 min, 30 min and 1 h, plotted on the C2AS-CaO•SiO 2 -FeO pseudoternary phase diagram, 15) where the ratios of the FeO content to the Al 2 O 3 content are only adopted so that the analyzed compositions of solid and liquid phases can be plotted on the C2AS-CaO•FeO•SiO 2 line. It is found from the EPMA analyses that the FeO contents in the solid phases are less than 0.5 mass% for all samples. This means that the solubility of olivine in C2AS is negligible within the analytical errors. Although the compositions have not reached the equilibrium ones even in 1 h after the onset of heating, it is found that the fraction of the liquid phase increases from 23.5% to 27.4% in 10 min after the onset of heating according to the calculation based on the results of the compositional analyses as well as the phase diagram in Fig. 6 . Consequently, assuming that Al 2 O 3 exists as C2AS in iron ores, the increment in the Al 2 O 3 content of iron ores raises the amount of olivine-like slag melts around 1 240°C, which may cause the gas permeability to be worse in a blast furnace. Figures 7 and 8 show typical DTA curves of mixed FeO and C2S powders and mixed FeO and C2AS powders with particle sizes smaller than 38 μm and between 75-90 μm, respectively. The onset temperatures of eutectic reactions have been obtained from DTA curves, as shown in Figs. 7 and 8. Figure 9 shows the particle size dependences of the onset temperatures of eutectic reactions. It can be seen that the onset temperature increases with an increase in the particle size for mixed FeO and C2S powders although it is constant irrespective of the particle size for mixed FeO and C2AS powders. The particle size dependency of the onset temperatures for mixed FeO and C2S powders may be associated with that the reaction rate is controlled by interdiffusion between Fe 2 + and Ca 2 + to form the solid solution of 2FeO•SiO 2 in C2S.
Comparison of Eutectic Reaction Behavior of FeO-C2S with that of FeO-C2AS
To examine whether the solid solution of 2FeO•SiO 2 in C2S is the rate controlling step of the eutectic reaction between FeO and C2S, an additional experiment was carried out on mixed FeO and C2S powders (FeO:C2S = 1:1 in mass ratio): The mixed powders was heated in the same manner as the DTA measurement. When the temperature reached 1 240°C, the furnace was switched off. Then, the sample was quenched by the furnace cooling and was subjected to the EPMA observation. Figure 10 shows the BSE image of mixed FeO and C2S powders heated up to 1 240°C. The white and gray areas correspond to FeO and C2S powders, respectively. The FeO content of the C2S powder well adhered to FeO powders (denoted as ①) is 4.36%. On the other hand, the FeO content of the powder isolated from FeO powders (denoted as ②) is 3.72%, which is smaller than that of the former powder. The FeO contents are the average of three values analyzed at different three positions in the same particles. This may imply that the diffusion is more promoted for mixed FeO and C2S powders with smaller particle sizes, having larger contact areas between FeO and C2S. It has also been found from Fig. 9 that the onset temperature of eutectic reaction for mixed FeO and C2AS powders is about 5°C lower than that for mixed FeO and C2S powders when the temperatures are compared for powders with the average particle size larger than 75-90 μm. However, these two onset temperatures are almost equal to each other for powders with the average particle size smaller than around 40 μm. This implies that a negative effect of Al 2 O 3 , that is, lowering the temperatures of slag melt formation could be eliminated when the microstructures of sinters are fine enough.
Conclusions
To elucidate the effect of Al 2 O 3 on the increment in the slag melt volume and the decrement in the temperature of the slag melt formation, reactions between olivine-C2S and olivine-C2AS, and eutectic reactions between FeO-C2S and FeO-C2AS are respectively compared. The obtained results are as follows:
(1) The reaction between liquid olivine and solid C2S has been compared with that between liquid olivine and solid C2AS at the constant temperature of 1 240°C. As for the olivine-C2S system, the reaction reaches the equilibrium, that is, liquid olivine is solved in solid C2S until its maximum solid solubility only in 10 min after the onset of heating. This indicates that the fraction of the liquid phase decreases from 38.3% to 30% only in 10 min after the onset of heating. On the other hand, for the olivine-C2AS system, the fraction of the liquid phase increases from 23.5% to 27.4% in 10 min after the onset of heating although the reaction does not reach the equilibrium. It is considered that the increment in the Al 2 O 3 content of iron ores raises the amount of olivine-like slag melts around 1 240°C.
(2) The eutectic reaction rates between FeO and C2S and between FeO and C2AS are compared at the constant heating rate of 10°C/min. It has been found that the onset temperature of eutectic reaction increases with an increase in the particle size for mixed FeO and C2S powders, while it is constant for mixed FeO and C2AS powders. The particle size dependency for mixed FeO and C2S powders may be due to that the reaction rate is controlled by interdiffusion between Fe 2 + and Ca 2 + to form the solid solution of 2FeO•SiO 2 in C2S. The onset temperature of eutectic reaction for mixed FeO and C2AS powders is almost equal to that for mixed FeO and C2S powders when the temperatures are compared for powders with the average particle size smaller than around 40 μm. This implies that a negative effect of Al 2 O 3 , that is, lowering the temperatures of slag melt formation could be eliminated when the microstructures of sinters are fine enough.
